C omp osite construc tio n is an economical way of combining precast and cast-in-place concrete while retaining the continuity and efficiency of monolithic construction. A composite beam is small er, shallower and lighter, thus leading to overall cost savings . A composite beam requires the flange or cast-inplace slab and the girder to act as a single unit.
C omp osite construc tio n is an economical way of combining precast and cast-in-place concrete while retaining the continuity and efficiency of monolithic construction. A composite beam is small er, shallower and lighter, thus leading to overall cost savings . A composite beam requires the flange or cast-inplace slab and the girder to act as a single unit.
This monolithic behavior is possible only if the horizontal shear resulting fro m bending of the beam is effectively transferred between the fla nge and the girder at their interface. The roughness of the top of the precast concrete beam, the amount of steel crossi ng the joi nt and the concrete strength are the major factors affecting the shear strength of the interface.
Provisions for the design of the steel crossing the interface between cast-inplace slabs and precast beams first appeared in the ACI Code' in 1963. These prov isio ns were based on the ACI-ASCE 333 report 2 which summarized the research of Hanson 3 and Kaar et al. 4 Based on pu sh-off tests by Birkeland and Birkeland, 5 Mast, 6 Kriz and Raths 7 and Hotbeck et al., 8 a new concept called "shear-friction" was introduced into the ACI Code in 1970. Saemann and Washa 9 and Nosseir and Murtha 10 studied the interface shear strength of composite beams to some extent. However, no other significant or systematic evaluation of horizontal shear strength appears to have been made thereafter.
We believe that the study presented here will provide new insight into the behavior of "rough" joints in composite concrete beams and their capacity to develop interface shear for a wide range of steel ratios.
PREVIOUS RESEARCH
In earlier studies, the shear strength of a joint was assumed to vary directly with the amount of reinforcing steel crossing it. However, parabolic equations for shear transfer strength were suggested as early as 1968 by Birkeland 11 and later by Raths 12 and Loov. 13 Based on a report by Shaikh, 14 peps adopted a procedure which indirectly uses a parabolic equation. Walraven et al. 16 did an extensive statistical analysis on most of the data available from push-off tests and suggested an equation which provides a good fit but is not convenient for use in a design office. In their discussion of this paper, Mau and Hsu suggested a simpler design equation. 16 A detailed literature review of the subject can be found in Patnaik's Ph.D. thesis. 17 Some equations applicable for reinforcement crossing perpendicular to the interface are given here. More than 30 shear-friction equations have been proposed by various researchers; therefore, symbols have been modified for consistency. The term Pv fy is referred to as the clamping stress.
Linear Shear-Friction Equation
This equation was first introduced in 1958 by Mast 6 and was later developed further by Birkeland, Anderson 18 and their co-workers: (1) where f.1 is the coefficient of friction.
The equation is simple but is very conservative for low clamping stresses and unsafe for high clamping stresses.
Birkeland's Equation
.Birkeland 11 was the first to introduce a parabolic function for the shear strength along a joint:
Shaikh's Equation
v n = 2. 78~ pJY (MPa) vn = 33.5~pJY (psi) (2) Shaikh, 14 in his proposed revisions to shear-friction provisions, suggested an equation which can be rearranged as: (3a) in which January-February 1994 f.1 = 6 · 9 ,1_2 (MPa) 
Loov's Equation
Loov 13 was apparently the first to incorporate the influence of concrete strength: Vn = k~pvfYJ; (4) where k is a constant.
A k of 0.5 was suggested for initially uncracked shear interfaces. For fJ = 30.9 MPa (4480 psi), this equation is the same as Eq. (2) . One advantage of this equation is that any consistent system of units can be used without changes.
Walraven's Equation
A statistical analysis was conducted by Walraven et al. 16 on the results of 88 push-off tests. The following equation was suggested for a precracked shear interface: 
Mattock's Equation
In his discussion of the paper by Walraven et al., Mattock added the effect of concrete strength into his previous equation19 and reintroduced it as: (6) and vn ~ 0.3J;
Equations for the shear strength of lightweight concrete can be found in Mattock et al.2°
Mau and Hsu 's Equation
In their discussion of Eq. (5), Mau and Hsu' 6 suggested an equation similar to Eq. (4) with k = 0.66. They assumed that the factor 0.66 would be the same for both initially cracked and uncracked shear interfaces.
Push-Off Tests
Attempts were made by Hanson 3 to correlate push-off tests and beam tests. By comparing shear-slip relations for the two types of specimens, he concluded that push-off tests are representative of beam tests for "rough bonded" connections.
Limiting Slips
Hanson 3 considered the maximum horizontal shear strength to have been reached when a slip of 0.13 mm (0.005 in.) occurred, and this limit was later adopted by Saemann and Washa 9 in their study . However, the fixing of a limiting value was not without controversy (Grossfield and Birnstiel) .
2 ' Larger shear strengths would be recorded if larger slips were permitted. In their discussion of Ref. 9 , Hall and Mast suggested that, as for composite steel beams, there should be no limit for slip.
ACI Code 1
The test data corresponding to horizontal shear failure , found in previous studies, are shown in Fig. 1 along with the nominal shear specified by the ACI Code for a rough interface. The code provisions are a combination of special provisions for horizontal shear from Clause 17.5 ( 1 to 3 in the following list) along with shear-friction provisions from Clause 11.7 (listed as 4 and 5 here). The lines shown in 
..c ..c The concrete strength does not affect the stress limits in any of these ranges except for Range 5. In this range, the shear stress is limited to 0.2J; when concrete strengths less than 27.5 MPa (4000 psi) are used. In Ranges 2 and 3 listed above, these code provisions are a considerable improvement over those used in previous editions of the ACI Code.
Although all of the plotted values have been described as horizontal shear failures , a certain amount of caution is advised so that failures due to other causes are not ascribed to horizontal shear. In particular, the result plotted for Beam III-0.6-1.66, tested by Kaar et al. ,' indicates that the beam reached a load equivalent to 98 percent of the theoretical flexural capacity before apparently failing in horizontal shear.
On the other hand, the photograph of this beam shows a complete web failure . Thus, failure may have been due to a combination of all three failure modes. Complete information on the tests by Hsu 24 is not available. The plotted values from Hanson correspond to those near failure. The horizon- tal shear stresses at 0.13 mm (0.005 in.) slip fall somewhat lower.
The maximum clamping stress which has been used in the previous beam tests is only 3 MPa (430 psi); therefore, for higher clamping stresses there appear to be no published beam data to support the code equations. made to transfer that force as horizontal shear to the supporting element." This relationship can be expressed as: (8) where Cis the total compression in the flange and £v is the length over which horizontal shear is to be transferred. The ultimate condition for horizontal shear cannot be achieved unless slip occurs between the precast and cast-inplace parts of a beam. The validity of the analysis of a composite concrete section using the procedures for a normal concrete section is somewhat questionable after slip has occurred. In the closure of their paper, Saemann and Washa 9 justify the use of Eq. (7) even after slip has occurred. They assert that the designs will be safe if shear stresses, evaluated by using the elastic formula with cracked section properties, are less than the corresponding test strengths determined using the same procedure.
ANALYSIS METHODS
In contrast to the common use of the entire length of the shear span for transferring the horizontal shear force, CT N'
recommends that all the compressive force in the flange be transferred in a length equal to one quarter of the span of the beam. By requiring that the horizontal shear strength be greater than the factored shear force at the section under consideration [see Eq. (17-1) and Section 17.5 where the horizontal shear is related to bvd], the code implies the following equation for horizontal shear stresses: (9) Eqs. (7), (8) and (9) appear to be quite different from one another and a designer could, understandably, be confused as to which should be used.
In f~ct, the three equations are closely related. The terms VQ/1 in Eq. (7) give the rate of change of force in the flange.
In Eq. (8), C 1 Cv is the average rate of change of force in the flange between a section with a force C and a section a distance £ v away with zero force in the flange. This is the same as Eq. (7) for point loads because the shear is constant. It is unsafe for uniform loading because the shear varies.
Eq. (9) is similar to the others because V = oM/ox is the rate of change of moment. If the compression zone is entirely within the flange, and the small variation in depth of the stress block is ignored, then the compression force C will be equal to Ml(d -a/2) and the rate of change of force in the flange will be V/(d-a/2). Therefore, Vuld in Eq. (9) is simply a non-conservative simplification of Eq. (7) .
TEST PROGRAM
Sixteen composite concrete beams were tested in this study.
Variables
Two major variables were investigated:
1. The clamping stress was varied while maintaining the concrete strength at about 35 MPa (5000 psi). 52 2. The concrete strength was varied for a fixed clamping stress of about 0.8 MPa (120 psi).
For the first variable, beams were tested with clamping stresses of 0.40, 0.77, 1.64, 2.73, 4.36, 6.06 and 7.72 MPa (58, 112, 238, 396, 632, 879 and 1120 psi). The test values cover the practical range of clamping stresses. To study the effect of variations in concrete strength, two beams were tested with a cylinder strength of about 19.4 MPa (2800 psi) and with concrete strengths of 44 and 48.3 MPa (6400 and 7000 psi).
Materials
Three different concrete mixes were used. Fine aggregate was washed local river sand and coarse aggregate was well graded with a maximum size of 14 mm (0.55 in.). The concrete control cylinders and the corresponding test beam were cured under similar conditions. The concrete strength fd of the web and the flange concrete was evaluated using standard cylinders. The modulus of elasticity of concrete was assumed to be (CAN3-A23.3-M84):
The average observed modulus obtained from the concrete cylinders was 4100-J]: MPa, or 494001/77 psi, which is considerably less. 17 The average yield strength of longitudinal bars and stirrup steel in different beams is given in Table 1 . Steel crossing the interface in all the beams consisted of #3 (9.5 mm diameter) bars. The modulus of elasticity for the reinforcing steel . was taken as 200 GPa (29000 ksi).
Sizes of Test Beams
Elevation views of the test beams are shown in Fig. 2 . Beams 1 to 8 had flanges for their full length, while Beams 9 to 16 had their flanges discontinued at 1.2 m (3 ft 11 in.) from the center of the beam. The two different shapes of cross sections used for the test beams are shown in Fig. 3 . The amount of steel crossing the interface and the width of the precast concrete girder at the interface (bv) were adjusted to achieve the desired level of clamping stress. The dimensions for different beams are summarized in Table 1 .
Two types of web reinforcement were used for beams with a 75 mm (3 in.) web width. Stirrups crossing the interface were L-shaped and were provided in pairs. Stirrups below the interface were U-shaped (see Fig. 3 ). Closed rectartgular stirrups were used for the precast concrete girder of uniform width. Longer stirrups crossed the interface while shorter stirrups were within the precast concrete girder. Stirrups were well anchored on both sides of the joint so they were able to reach yield at the interface (Mattock). 
Joint Preparation
The test specimens were constructed to simulate beams with a precast concrete girder and a cast-in-place flange. The web portion was first fabricated with stirrups projecting from it. Flange concrete was placed three days later. To simplify construction, the interface was left as-cast with some of the coarse aggregate protruding, instead of made as a "rough" surface with an amplitude of 5 mm (0.25 in.) required by the ACI Code. 1 The typical surface achieved in this test program is shown in Fig. 5 . A large percentage of the 14 mm (0.55 in.) coarse aggregate can be seen protruding from the surface. This surface can be described as: well compacted having a rough surface, clean and free of laitance, with coarse aggregate protruding but firmly fixed in the matrix.
An unintenti onal variation in surface roughness occurred in this testing program. Very little coarse aggregate protruded from the top surface of Beam 14. The roughness of this surface, therefore, did not match the other beams of this test series.
Instrumentation
Slip gauges were provided in pairs on either side of the web. This new Fig. 6 . When the flange slides relative to the web, the metal strip moves with the flange. The end of the strip is restrained by the pointed end of the screw, which deflects the strip as a short cantilever. These slip gauges are described in detail by Patnaik.
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Shear-friction equations assume yielding of the reinforcement crossing the interface. To investigate this assumption, strain gauges were glued on selected stirrups at the level of the interface and strains were recorded at regular load intervals.
Testing
Beams were simply supported and loaded with a point load at centerspan. These beams were intended to be very strong in diagonal shear and flexure so that they would fail in horizontal shear prior to failing in any other mode.
GENERAL BEHAVIOR OF TEST BEAMS Beams With Full Length Flanges
Flexural cracks were observed at the bottom of the beams after applying a few increments of load. As the load was increased, more cracks formed and those which had formed earlier became deeper and wider. Some of the cracks pro- With continued loading, this crack extended along the interface toward the loading point over almost the entire length of the beam and caused separation across the joint. At maximum load, both the separation and slips were clearly visible. Maximum slips were greater than 2 mm (0.08 in.) in most cases. One end of the beam always had a larger slip and failed.
Interface cracks did not develop in the portion of the joint underneath the load for a length bounded by a line sloping outward at 45 degrees from the edge of the loading plate. Cracking also did not occur in the beam ends for a length extending from the end a distance equal to the effective depth 
Beams With Short Flanges
Attempts to determine the contribution of the interface beyond the location where the horizontal crack meets the diagonal crack proved inconclusive because of the complex strain conditions at this point. As the interface within the end block appeared to be ineffective, it was decided to test beams without a flange for the end 400 mm (15.7 in.) length . Extra web reinforcement was provided in these beams to prevent diagonal shear failure of the web.
These modified beams behaved in the same manner as the beams with full length flanges that had failed in horizontal shear, except that there was no diagonal cracking nor rotation of the beam ends [see Fig. 7(b) ]. The average shear stress based on equilibrium was higher than for the beams with flanges extending the full length of the beam. Slip initially developed as described earlier, but at failure , the entire flange on the weaker half sheared suddenly along the interface with a large slip. The maximum slip for every beam which failed in horizontal shear was greater than 2 mm (0.08 in.). Beams 9 and 10, and Beams 12 to 14 failed in this manner. Fig. 8(b) shows half of a beam of this type which failed in horizontal shear. The support reaction is on the left but not in the photograph. The horizontal crack and the separation at the interface are clearly visible.
Behavior of Individual Beams
Additional information specific to particular beams follows:
Beam 2 failed in horizontal shear associated with large slip and separation at its interface. However, the bearing concrete suffered considerable damage. This damage appeared to have been caused by insufficient anchorage of the main reinforcement. This probably precipitated the general failure in horizontal shear.
Beams 4 and 15 failed in flexure because their capacities in bending were not sufficient to cause horizontal shear failure. This occurred because the horizontal shear strength was much larger than expected.
Beam 11 developed evenly spaced diagonal cracks and failed in diagonal shear, although some cracking and slip occurred at the interface. The flexural and shear capacities of this beam were not sufficient to achieve horizontal shear failure.
Beam 12 failed in horizontal shear. Extensive local crushing of the concrete adjacent to the interface crack occurred 56 Fig. 10 . Roughness of the joint in Beam 14. in the narrow portion of the web. Along half of the beam, the interface crack deviated through the narrow portion of the web rather than following along the joint [see Fig. 9(a) ]. The end portion of the flange split is shown in Fig. 9(b) . Such splitting has been observed by Johnson et aJ.2 8 in steelconcrete composite beams. They attributed such splitting to the tendency of the flanges, along the width of the beam, to remain straight as the girder portion bends due to transverse loading.
Beam 14 was intended to be identical to Beam 13, but the top surface was not as rough as the other beams (compare the roughness in Fig. 10 and Fig. 5 ). The lower strength of Beam 14 demonstrates the importance of the roughness of the top surface on the precast concrete girder. This contradicts the contention of Hanson 3 that the horizontal shear strength of a composite concrete beam is insensitive to surface roughness.
Slip and Horizontal Shear Stress
The slips which developed in both types of beams were similar. The observation by other authors (e.g., Hanson 3 ) that the peak slips occur near the quarter span points was corroborated for loads below the failure load. At the failure loads, the peak slips for the beams with full length flanges occurred at a distance from the edge of the support approximately equal to the effective depth. For the beams with short flanges, the maximum slips at failure occurred at the end of the flanges. The typical slip at the point along each beam where the maximum slip occurred is shown in Fig. 11 .
Slip was insignificant up to a horizontal shear stress of 1.5 to 2 MPa (220 to 290 psi). Thereafter, the horizontal shear stress increased with slip, up to a slip ranging from 0.3 to 0.8 mm (0.01 to 0.03 in.). The shear stress then decreased as the slip increased. All the beams except Beams 4 and 15, which failed in flexure, reached slips at failure which ranged from 2 to 7 mm (0.08 to 0.28 in.). There is little difference between the shear stress at a slip of 0.5 mm (0.2 in.) and the shear stress at peak load.
Stirrup Stresses
The slip curves in Fig. 11 show that the stirrups were not stressed until a horizontal shear stress of about 1.5 to 2 MPa (220 to 290 psi) was reached. This indicates the strength of an interface without stirrups. The stirrups become relatively effective when the shear stress reaches about 3 MPa (430 psi). I  I  I  I  I  I  I  I  I  I  I I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I - 
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Slip, mm 29 ) which indicates that reinforcement with a higher yield strength will not increase the shear strength proportionately.
The stirrups near the center of the span were not effective. They became increasingly effective with increasing distance from the center up to the edge of the end block. They were ineffective within the end block.
Calculation of Shear Stresses
Horizontal shear stresses were calculated using Eq. (7) with the cracked transformed section properties of the test beams. The values of Qc 1 and let for different beams are given in Table  2 along with kd, the depth to the neutral axis . The table also shows the Table 3 shows the loads sustained by each beam at a maximum slip of 0.13 mm (0.005 in.), 0.5 mm (0.02 in.) and at failure. Clamping stresses assuming that the stirrups had yielded and the fail ure modes are also shown. The concrete strength in the table is the concrete cylinder strength of the web or the flange, whichever is lower. The horizontal shear stresses include the self weight of the beams. 4), but it lacks the simplicity of the latter. The PCI equation is somewhat conservative for this concrete strength.
Failure Capacities
GENERAL EQUATION FOR HORIZONTAL SHEAR STRENGTH Upper Limit
In Fig. 13 , the low shear strength for Beam 12, the beam with the highest clamping stress, indicates the possible necessity for retaining an upper limit for horizontal shear strength. This limit may be necessary to prevent local crushing of concrete, which was also observed in heavily reinforced push-off specimens tested by Walraven and Reinhardt. 30 2 MPa (1330 psi) at failure. However, it may be possible to achieve higher strengths if splitting is prevented. These limits seem desirable until tests can be carried out to determine whether this is merely a detailing problem.
Horizontal Shear Strength Without Steel
Concrete Technology Associates 25 psi), included in the same bulletin, failed in horizontal shear at 1.08 MPa (157 psi). In the current study, Beams 8, 11, 13, 14 and 16 had slipped slightly before a stress of 2 MPa (290 psi) was reached. The horizontal shear strength of composite beams without stirrups can be approximated as:
For 35 MPa (5000 psi) concrete, vno becomes 1.12 MPa ( 160 psi). This is less than the horizontal shear stress at commencement of slip. It is about the same as the value recommended in the CTA Bulletin 25 for "rough" joints in unsupervised construction. A cautious approach is warranted because the surface roughness plays a major role in providing the necessary horizontal shear strength. This aspect was made particularly evident by the results from Beam 14, which indicated a much lower capacity because of inadequate roughness.
Suggested General Equation
To provide a continuous curve, Eq. (4) and Eq. (10) Results with various concrete strengths can be compared more clearly by plotting them in a dimensionless form as in Fig. 14 because Eq. (11) is then a straight line. In this figure, the test results of this study (except for Beams 4 and 14) are plotted as circles and previous studies are plotted as squares. The test res ults correspond to failure load. Concrete strengths for these test beams ranged from 17.2 to 48.3 MPa (2500 to 7000 psi).
Eq. (11), with k = 0.6, is a good lower bound for this range of concrete strengths. The inclusion of the additive term (0.1 MPa or 15 psi) in the radical sign avoids the discontinuities in the present codes at low clamping stresses. For higher clamping stresses, the effect of the additive term is negligible.
Eq. (11) was based on the beam tests of this study. This equation can be further generalized as : For routine designs, it is desirable to use a slightly lower shear strength to allow for the possibility of smoother interfaces. Therefore, for composite construction, a factor of 0.5 for k is suggested. For monolithic construction, there is no joint at the shear interface. Therefore, the additional level of safety to account for the possible variation in roughness is not warranted and the value of k can be kept as 0.6. The factor A. varies for lightweight concrete as indicated in Eq. (3). (12) with push-off test res ults for uncracked normal density concrete. Fig. 16 was similarly plotted for an initially cracked condition and for specimens fabricated with the two parts cast at different times. In both of these situations, Eq. (12) is a lower bound for almost all the test results.
Comparison With Push-off Tests
The test data dealing with the shear transfer strength of lightweight concrete are limited. The applicability of Eq. (12) to such cases was examined using the results of tests conducted by Mattock et al. 20 Their test results are compared with Eq. (12) in Fig. 17 . Even though Eq. (12) underestimates strength for the initially uncracked condition, it represents the test results reasonably well for a cracked condition.
COMPUTATION OF HORIZONTAL SHEAR STRESS Horizontal Shear Stress by Equilibrium
The average horizontal shear stress can be evaluated using Eq. (8) flange forces at the two sections is the amount of horizontal shear between the sections. The stress distribution at a section and the magnitude of the compressive force C in the flange are dependent on the assumed stress-strain curve for the concrete. Two equations were compared in this study. The equation by Desayi and Krishnan 34 can be readily integrated for rectangular sections to evaluate the stress intensity coefficient (a) and the location of the resultant ({3c) . Assuming that £~ is equal to 0.002, this equation can be used even when the actual test results for the stress-strain relationship are not available.
The other equation is a more general expression developed by Loov. 35 It has two independent constants (B and n) and is of the following form: In this study, the section at the midspan where the point load was applied was analyzed. Because the beams were simply supported, the flange was ass umed to have zero stress at the supports. The horizontal shear stress was, therefore , computed by dividing the total compressive force in the flange at midspan by the interface area of half the span.
The thin lines in Fig. 18 show results from the tests. .... 
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Eq. 13 Micro Strain did not significantly alter the compressive force in the flanges . The two sets of results were within 2 percent of each other. These results, in tum, were found to be within 2 percent of the results computed using Eq. (7). The stress-strain data from cylinder tests were fitted using Eq. (13) . The horizontal shear stresses calculated using this equation were also found to be within 2 percent of the results obtained by Eq. (7).
Horizontal Shear Stresses by Approximate Method
The approximate method of Eq. (9) underestimated the ·shear stresses by 10 to 15 percent as compared to the other two methods. This is understandable since d in the denominator of this equation should actually be (d -f3c), which could be approximated as 0.9d for many circumstances.
Comparison of the Methods
The elastic method and the equilibrium method predicted the same horizontal shear stresses for the beams tested . Since a designer may not have the required time and computer programs to conduct a detailed section by section analysis, it will often be more convenient to use the elastic formula. If a detailed analysis is to be carried out, either the equation by Desayi and Krishnan or Eq. (13) may be used.
The horizontal shear stress determined using the approximate formula [Eq. (9)] should be multiplied by 1.15 for a quick estimate of the shear stresses.
64
The results obtained using the equilibrium equation for beams with uniform loads, which have a uniformly varying Vu, can be quite different depending on the care taken in the analysis. The computed shear stress is correct for the point midway between the two sections used. For short distances between sections, the equilibrium procedure shows the correct variation of stress along the span. Unfortunately, the equilibrium method is often used carelessly. If the entire distance from midspan to the end is used, the stress which is found is correct at the quarter point but is only half the peak value expected at the end.
CONCLUSIONS
1. Elastic analysis using cracked transformed section properties appears to be the simplest and most practical method for estimating the horizontal shear stresses in composite concrete beams at failure.
2. The general equation suggested in this study [Eq. (12) ] represents the test results far better than previous shear-friction equations. This equation is equally applicable to sanded lightweight concrete and all-lightweight concrete. For a concrete strength exceeding about 30 MPa (4350 psi), Eq. (12) will result in designs with less stirrup reinforcing than those obtained using the current ACI or PCI equations.
3. Because an as-cast concrete surface with coarse aggregate left protruding from the surface can develop sufficient horizontal shear resistance, more elaborate finishing is not required.
4. Slip and stirrup stresses in the test beams were insignificant until the beam attained a horizontal shear stress of about 1.5 to 2 MPa (220 to 290 psi).
Large slips and separation observed in the test beams at
failure support the shear-friction theory, but the use of the shear-friction theory with steel stresses of fy along with a limiting slip of 0.13 mm (0.005 in.) is inconsistent because stirrups do not yield at such a small slip.
6. A slip of 0.5 mm (0.02 in.) can be expected at factored loads if stirrups are provided as determined using Eq. (12) . Such a slip is likely to yield the stirrups if the yield strength is less than about 440 MPa (64 ksi).
7. The effectiveness of stirrups is improved when they are placed further from the center of the span, but stirrups in the region near the supports are not effective. 8 . The flange splitting observed in Beam 12 probably resulted from the lack of horizontal reinforcing steel in the bottom of the flange. It is possible that this premature failure has falsely indicated a lower shear strength than the true limit which could be reached in a properly detailed beam.
RECOMMENDATIONS
1. Investigate horizontal shear stresses only between the points at a distance equal to the effective depth d from the edge of the supports.
2. Compute horizontal shear stresses at failure using: 
APPENDIX 8 -SUGGESTED REVISIONS TO ACI CODE
Section 11.1 and Section 17.5 of ACI 318-M92 deal with design requirements for shear transfer and horizontal shear in composite concrete beams.
11.0-Added Notation: k = factor in shear-friction equations Pv = AvtfAc is ratio of area of reinforcing steel crossing shear interface to area of shear interface 11.7-Shear-Friction 11.7.1 to 11.7.3 No changes 11.7.4-Shear-friction design method for rough surfaces Clauses 11. 7.4.1 to 11.7 .4.3 apply when concrete is placed monolithically or when concrete is placed against a rough hardened concrete surface which is clean and free of laitance with the coarse aggregate protruding but firmly fixed in the matrix. 11.7.5 -Shear-friction design for surfaces which are not rough Clauses 11.7.5.1 to 11.7.5.3 apply when concrete is placed against steel or against concrete which does not conform to Clause 11.7 .4. 11.7.5.1 -When shear-friction reinforcement is perpendicular to the shear plane, shear strength vn shall be computed by:
(11-27a) where 68 (a) 11 = 0.6A for concrete placed against hardened concrete, which is clean and free of laitance but not rough (see Clause 11.7.4) (b) 11 = 0. 7 A for concrete anchored to as-rolled structural steel, which is clean and free of paint, by headed studs or by reinforcing bars 11.7.5.2 -When shear-friction reinforcement is inclined to the shear plane, such that the shear force produces tension in shear-friction reinforcement, shear strength vn shall be computed by:
(11-27b) 11.7.5.3 -Shear strength Vn shall not be taken greater than 0.2 fd Ac nor 800 Ac in pounds, where Ac is area of concrete section resisting shear transfer.
11.7.6 to 11.7.8 No changes 11.7.9 -11.7.10 Delete 17.5.2.2-Horizontal shear may be investigated by computing the actual change in compressive or tensile force in any segment, and provisions made to transfer that force as horizontal shear to the supporting element. For prismatic members, when the entire compression force is in the flange, the horizontal shear stress due to factored loads may be taken as: Note: If shear stress is calculated based on change of force in any segment, care must be taken to use sufficiently short segments so that the variation of stress along the beam is determined. 17.5.2.3 -For bottom supported members, horizontal shear stresses need be investigated only between points at a distance equal to the effective depth d from the edge of the supports of the beam. Stirrups in the end zone shall be at the same spacing as that required at distance d.
.5.3 -Horizontal shear strength
Members shall be designed so that l/J vnh ~ Vuh where Vuh is factored horizontal shear stress at section considered and vnh is nominal horizontal shear strength in accordance with the following provisions.
17.5.3.1-When no ties are provided but contact surfaces are clean, free of laitance and rough, the nominal horizontal shear strength vnh shall not be greater than 1. 8A. m. J; is the specified compressive strength of the concrete with the lowest strength adjacent to the interface.
When the factored horizontal shear stress vuh at the section being considered exceeds 1.8¢A-{7!, design for horizontal shear shall be in accordance with Clause 11.7 .4.
17.5.3.2-When minimum ties are provided in accordance with Clause 17 .5.4 and contact surfaces are clean and free of laitance, but not rough (see Clause 11.7.4), horizon-
